Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI) have been used as the first-line treatment of non-small cell lung cancers (NSCLC) harboring EGFR-activating mutations, but acquired resistance is ubiquitous and needs to be solved urgently. Here, we introduce an effective approach for overcoming resistance to the EGFR-TKI, AZD9291, in NSCLC cells using SHR-A1403, a novel c-mesenchymal-epithelial transition factor (c-Met)-targeting antibody-drug conjugate (ADC) consisting of an anti-c-Met monoclonal antibody (c-Met mAb) conjugated to a microtubule inhibitor. Resistant cells were established by exposing HCC827 to increasing concentrations of EGFR-TKI. c-Met was found to be overexpressed in most resistant cells. AZD9291 resistance was partially restored by combination of AZD9291 and crizotinib only in resistant cells overexpressing phospho-c-Met, which synergistically inhibited c-Met-mediated phosphorylation of the downstream targets ERK1/2 and AKT. In resistant cells overexpressing c-Met, neither crizotinib nor c-Met mAb was able to overcome AZD9291 resistance. In contrast, SHR-A1403 strongly inhibited proliferation of AZD9291-resistant HCC827 overexpressing c-Met, regardless of the levels of c-Met phosphorylation. SHR-A1403 bound to resistant cells overexpressing c-Met was internalized into cells and released associated microtubule inhibitor, resulting in cell-killing activity that was dependent on c-Met expression levels only, irrespective of the involvement of c-Met or EGFR signaling in AZD9291 resistance. Consistent with its activity in vitro, SHR-A1403 significantly inhibited the growth of AZD9291-resistant HCC827 tumors and caused tumor regression in vivo. Thus, our findings show that SHR-A1403 efficiently overcomes AZD9291 resistance in cells overexpressing c-Met, and further indicate that c-Met expression level is a biomarker predictive of SHR-A1403 efficacy. | 3585 TONG eT al.
| INTRODUC TI ON
Non-small cell lung cancer accounts for 80%-85% of all lung cancers, and represents the leading cause of cancer-related deaths in men and women worldwide. 1, 2 First-generation EGFR TKI, gefitinib and erlotinib, and the second-generation EGFR inhibitor afatinib, 3 used as first-line treatments for advanced NSCLC patients with EGFR-activating mutations, have shown promising clinical results with superior progression-free survival compared with platinum doublet chemotherapy regimens. 4, 5 Third-generation EGFR inhibitors, such as AZD9291, have been developed with the aim of overcoming resistance induced by the EGFR T790M mutation, which occurs in approximately half of patients on EGFR-TKI therapy that show disease progression. 6, 7 Although most EGFR mutant NSCLC initially respond to EGFR inhibitors, acquired resistance to targeted therapies inevitably occurs in most of these tumors. A number of studies have investigated mechanisms underlying EGFR-TKI resistance, showing that acquired secondary EGFR mutations emerge in approximately 50% of EGFR-mutated patients treated with EGFR-TKI; activation of parallel signaling pathways, histological transformation, and activation of downstream signaling pathways as a result of acquired mutations also contribute to acquired resistance mechanisms. [8] [9] [10] [11] [12] [13] In particular, accumulating evidence has shown that aberrant activation of the hepatocyte growth factor (HGF)/c-Met pathway, caused by MET gene amplification and protein hyperactivation, is the second-most frequent mechanism of resistance to EGFR-TKI. [14] [15] [16] [17] [18] [19] c-Met, encoded by the MET proto-oncogene, is the cell surface receptor for HGF, which is required for embryogenesis, cell proliferation, survival, and motility. 14, 20, 21 To date, inhibitors of HGF/c-Met signaling have been developed as monotherapies or combination therapies with EGFR-TKI for the treatment of NSCLC (eg cabozantinib, Exelixis; 22 crizotinib, Pfizer; 23 tivantinib, ArQule; 24 onartuzumab, Roche; rilotumumab; Amgen; [24] [25] [26] ABBV-399, AbbVie 27 ). In lung cancer cells with c-Met pathway-induced resistance to EGFR inhibitors, combination of a c-Met inhibitor and EGFR inhibitor has been shown to efficiently overcome such resistance. 28, 29 In the present study, we established a novel strategy for overcoming AZD9291 resistance in HCC827 NSCLC cells using SHR-A1403, a novel ADC consisting of a c-Met mAb conjugated to a microtubule inhibitor. 30, 31 Unlike the c-Met inhibitor crizotinib, which only overcame AZD9291 resistance caused by high levels of phosphoc-Met, SHR-A1403 more effectively inhibited the proliferation of AZD9291-resistant, c-Met-overexpressing HCC827 cells, an effect that was dependent on c-Met expression levels only, irrespective of the involvement of c-Met or EGFR signaling in AZD9291 resistance.
Our findings show that the c-Met-targeting ADC, SHR-A1403, in contrast to a small-molecule c-Met inhibitor or c-Met mAb alone, efficiently overcomes AZD9291 resistance in cells overexpressing c-Met, and further indicate that c-Met expression level is a biomarker predictive of SHR-A1403 efficacy.
| MATERIAL S AND ME THODS

| Reagents and antibodies
AZD9291, gefitinib, afatinib, and crizotinib were purchased from Selleckchem. SHR-A1403, the naked anti-c-Met monoclonal antibody c-Met mAb and free toxin SHR152852, were provided by Jiangsu Hengrui Medicine Co. Ltd. 31 DyLight 488 N-hydroxysuccinimide (NHS) ester was purchased from Thermo-Fisher Scientific.
Sulforhodamine B was purchased from Sigma-Aldrich.
Antibodies against EGFR, phospho-EGFR (Tyr1173), c-Met, phospho-c-Met (Tyr1234/1235), STAT3, phospho-STAT3 (Tyr705), AKT, phospho-AKT (Ser473), ERK1/2, phospho-ERK1/2 (Thr202/ Tyr204), and GAPDH were purchased from Cell Signaling. β-Tubulin antibody was purchased from Sigma-Aldrich.
| Cell culture and treatment
HCC827 and PC-9 cells were obtained from the cell bank of the Chinese Academy of Sciences. Cells with acquired resistance were established by exposing parental cells to increasing concentrations of gefitinib or afatinib (10 nmol/L to 5 μmol/L) for 12 months and selecting clones using the limiting dilution method. Four clones with c-Met overexpression were isolated from the resultant gefitinib-resistant HCC827 cell line (HG), two clones with different c-Met levels were isolated from the resultant afatinib-resistant HCC827 cell line (HA), and two clones with different c-Met levels were isolated from the resultant afatinib-resistant PC-9 cell line (PA). c-Met-overexpression is defined as more than two fold c-Met protein expression over parental HCC827 cells. Cells were cultured in RPMI-1640 medium supplemented with 10% (vol/vol) FBS at 37°C in a humidified 5% CO 2 atmosphere.
| Cell proliferation assay
Cell growth inhibition was determined using a sulforhodamine B assay, as described previously. 32 Briefly, approximately 24 hours after plating, cells in culture medium containing 10% FBS were incubated with different concentrations of drugs, alone or in combination as indicated, for 72 hours. At least three independent experiments were carried out, and the results are presented as mean ± SD. 
| Western blotting
After drug treatment, cells were washed twice with cold PBS (137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na 2 HPO 4 , and 1.8 mmol/L KH 2 PO 4 , pH 7.4), lysed in SDS sample buffer, and boiled for 10 minutes. Cell lysates containing equal amounts of protein were separated by SDS-PAGE and transferred to PVDF membranes (Millipore). After blocking in 5% nonfat milk in TBST (Tris-buffered saline containing 0.1% Tween-20, pH 7.6), membranes were incubated with the indicated primary antibodies at 4°C overnight and then exposed to appropriate secondary antibodies for 2 hours at room temperature. Immunoreactive proteins were visualized using the ECL system from Pierce Chemical.
| Polymeric tubulin fraction assay
Drug-treated cells were extracted by incubating for 3 minutes at 30°C in lysis buffer (80 mmol/L MES KOH, pH 6.8, 1 mmol/L MgC1 2 , 1 mmol/L EGTA, 0.5% Triton X-100, and 10% glycerol) containing protease inhibitors. Supernatants containing detergent-soluble tubulin and detergent-insoluble polymerized cytoskeletons were extracted with SDS sample buffer (50 mmol/L Tris-HCl, pH 6.8, 100 mmol/L DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol), and β-tubulin expression was analyzed by western blotting. Cells were fixed with 4% paraformaldehyde for 15 minutes and imaged with an Olympus FV1000 confocal microscope. 
| Internalization assay
| In vivo study
| Data analysis
Data were analyzed using GraphPad Prism Version 5 software (GraphPad Software, Inc. for afatinib, were also strongly resistant to AZD9291, with resistance ratios ranging from 48.0 to 1924.0 ( Table 1) .
To investigate the mechanism of resistance to these EGFR inhibitors, particularly AZD9291, we compared the levels of EGFR and its downstream signaling pathway proteins, ERK1/2, AKT and STAT3 (signal transducer and activator of transcription 3), with or without AZD9291 treatment, in resistant cells with those in parental HCC827 cells ( Figure 1 ). Results showed that upon AZD9291 treatment, phospho-ERK1/2 and phospho-AKT, which were inhibited in HCC827 cells, were not sensitive to AZD9291 in TKI-resistant HA1 and HA2 cells ( Figure 1B) , raising the possibility that the failure of AZD9291 to inhibit ERK1/2 and AKT may be the mechanism underlying AZD9291 resistance.
| c-Met inhibitor crizotinib and c-Met mAb alone are unable to overcome AZD9291 resistance in cells overexpressing c-Met
Inability of AZD9291 to inhibit EGFR downstream signals may reflect a "switch" in the kinase dependence of ERK1/2 and AKT activation to other upstream tyrosine kinases, such as c-Met. Thus, we first determined whether c-Met was responsible for phosphorylation/activation of PI3K/AKT and ERK1/2. We found that the levels of c-Met in TKI-resistant HG1, HG2, HG3, HG4 and HA1 cells, but not HA2 cells,
were significantly elevated compared with HCC827 cells (Figure 2A ).
Phospho-c-Met was also greatly increased in HA1 cells, but not other resistant cells, compared with parental HCC827 cells (Figure 2A ). To Table 2 ). Unlike crizotinib, c-Met mAb did not restore the sensitivity of any resistant cells to AZD9291 (Table 2 ).
| SHR-A1403 overcomes AZD9291 resistance in cells overexpressing c-Met
Given Table 3 , the inhibitory effect of SHR-A1403 on the proliferation of c-Met-overexpressing resistant cells (HG1, HG2, HG3, HG4, HA1) was much greater than that on HCC827 cells, with sensitivity ratios ranging from 9.2 to 77.9 ( Table 3 ). More importantly, AZD9291-resistant HA2 cells expressing a low level of c-Met as compared to parental HCC827 cells were resistant to SHR-A1403 ( Figure 2A , Table 3 ). These data clearly indicate that SHR-A1403 is capable of overcoming AZD9291 resistance and this effect is de- Figure S1 ). As expected,
SHR-A1403 effectively overcame AZD9291 resistance in both PA7
and PA9 cells, which was consistent with the results obtained from AZD9291-resistant HCC827 cells (Table S1) .
TA B L E 2 IC 50 values for AZD9291, with or without crizotinib or c-Met mAb, against the proliferation of parental and resistant HCC827 cells We next explored the mechanism underlying the sensitivity of resistant cells to SHR-A1403. As SHR-A1403 consists of c-Met mAb conjugated with the microtubule-disrupting agent SHR152852, we first tested whether resistant cells were sensitive to c-Met mAb or SHR152852 alone. As shown in Table 2 , resistant cells were not sensitive to c-Met mAb compared with HCC827 cells, and there were no differences in c-Met signaling between SHR-A1403-treated HCC827 and resistant cells ( Figures 3A and S2) . These observations suggest that c-Met mAb activity is not responsible for the sensitivity of resistant cells to SHR-A1403. Moreover, as shown in Table 3 , all resistant cells were insensitive to SHR152852 compared with HCC827 cells.
Taken together, these results suggest that the sensitivity of resistant cells to SHR-A1403 is attributable to the connectedness of c-Met mAb and SHR152852.
The main processes involved in SHR-A1403 activity include binding to cells, internalization within cells and cleavage of SHR-A1403
to release c-Met mAb and SHR152852, after which c-Met mAb and SHR152852 exert their individual actions. To investigate the underlying mechanism of SHR-A1403 action, we focused on these processes. As shown in Figure 3 , SHR-A1403 bound more extensively to c-Met-overexpressing HA1 cells ( Figures 3B and S3 ). Consistent with this, these cells showed greater internalization of SHR-A1403
( Figure 3C ,D) compared with HCC827 cells, raising the possibility that more microtubule-disrupting agent, SHR152852, is also released.
Indeed, microtubules in HA1 cells were much more sensitive to SHR-A1403 than those in HCC827 cells ( Figures 3E and S4) . Collectively, these observations confirm greater release of SHR152852 in HA1 cells and establish increased release of SHR152852 as the mechanism by which SHR-A1403 overcomes AZD9291 resistance.
| SHR-A1403 inhibits the growth of AZD9291resistant, c-Met-overexpressing xenografts in vivo
Effects of SHR-A1403 were further determined in vivo by assessing the growth of HCC827 and HA1 xenograft tumors. Tumor-bearing mice, established by s.c. inoculation of HCC827 and HA1 cells, were randomized into vehicle, AZD9291 (i.g.) and SHR-A1403 (i.v.) treatment groups when average tumor volumes reached approximately 100-200 mm 3 . As shown in Figure 4 , AZD9291 (3 mg/kg) significantly inhibited the growth of HCC827 tumors, but not HA1 tumors ( Figure 4A ). Consistent with this, AZD9291 inhibited EGFR and downstream AKT phosphorylation in HCC827 tumor tissues, but not in HA1 tumor tissues, 4 hours after injection ( Figure 4B ), indicating that HA1 tumors are strongly resistant to AZD9291. In contrast, SHR-A1403 significantly inhibited the growth of HA1 tumors and even induced tumor regression 21 days after injection but did not affect the growth of HCC827 tumors ( Figure 4A ). Furthermore, although SHR-A1403
induced c-Met degradation and inhibited c-Met phosphorylation in both HCC827 and HA1 tumor tissues, levels of c-Met and phospho-c-Met were much higher in HA1 tumor tissues than in HCC827 tumor tissues ( Figure 4C ), suggesting that, unlike HCC827 tumors, which depend on EGFR, the growth of HA1 tumors is driven by c-Met overexpression, and thus is strongly inhibited by SHR-A1403. The effects of SHR-A1403 on another c-Met-overexpressed, AZD9291-resistant clone, HG3 xenograft, were also studied in vivo. SHR-A1403 at the dose of 10 mg/kg significantly inhibited the growth of HG3 xenograft and even induced tumor regression ( Figure S5A ). Further analysis showed that SHR-A1403 induced c-Met degradation and inhibited c-Met phosphorylation in HG3 tumor tissues ( Figure S5B ).
| D ISCUSS I ON
In recent years, EGFR-TKI have become the first-line therapy for NSCLC patients with EGFR-activating mutations. 4 However, drug resistance becomes an obstacle to EGFR-TKI treatment in the clinic. 8, 10, 12, 13 Thus, a variety of reports have focused on the mechanisms of resistance to EGFR-TKI and have searched for strategies to overcome resistance based on these resistance mechanisms. In the current report, we took a different approach, mainly focusing on the strategy for overcoming resistance to the EGFR-TKI, AZD9291, instead of first investigating the precise mechanism underlying AZD9291 resistance. Herein, we showed a novel strategy for overcoming AZD9291 resistance, providing the first account of the use of a c-Met-targeting ADC rather than a c-Met-inhibiting antibody.
Based on the distinct antitumor mechanism of the ADC, SHR-A1403, tumors could be screened for c-Met expression as a biomarker, and having established c-Met overexpression, treatment with SHR-A1403 would be sufficient to overcome drug resistance. 27, 33 Thus, we believe that using a c-Met ADC such as SHR-A1403 is a more direct and feasible approach for overcoming resistance to EGFR-TKI and warrants further clinical development. Previous studies have sought to overcome resistance to EGFR inhibitors by combining c-Met inhibitors with EGFR-TKI with the goal of causing resistant cells to become as sensitive to EGFR inhibitors as parental cells. 35, 36 In the current study, SHR-A1403 was used as a stand-alone agent to treat AZD9291-resistant cells. More importantly, the inhibitory effect of SHR-A1403 on the proliferation of resistant cells was much greater than that on HCC827 cells both in vitro and in vivo. Thus, our approach using a c-Met ADC in place F I G U R E 3 Antitumor activity of SHR-A1403 is dependent on c-mesenchymal-epithelial transition factor (c-Met) expression levels. A, HCC827 and HA1 cells were treated with different concentrations of SHR-A1403 for 24 h, and whole-cell lysates were analyzed by western blotting. B, Binding affinity of DyLight 488 NHS-ester-labeled SHR-A1403 to parental and resistant HCC827 cells was measured by flow cytometry. Representative results are shown. C, Colocalization of SHR-A1403 (green) with lysosomes (red). Parental and resistant HCC827 cells were incubated with DyLight 488 NHS-ester-labeled SHR-A1403 (1 μg/mL), and lysosomes were labeled with Lyso-Tracker Red.
Samples were analyzed under confocal microscopy. D, Internalization of SHR-A1403 in HCC827 and HA1 cells. Cells were incubated with DyLight 488 NHS-ester-labeled SHR-A1403 (1 μg/mL) as described in Materials and Methods, and internalized fluorescence was analyzed immediately by flow cytometry. Representative images are shown. E, Effects of SHR-A1403 on tubulin polymerization in AZD9291-resistant HCC827 and HA1 cells. Cells were incubated with different concentrations of SHR-A1403 for 48 h, then intracellular polymeric β-tubulin and total β-tubulin were analyzed by western blotting F I G U R E 4 Efficacy of SHR-A1403 on AZD9291-resistant HA1 xenografts overexpressing c-mesenchymal-epithelial transition factor (c-Met) in vivo. A, Nude mice bearing HCC827 or HA1 xenografts were treated with vehicle, 10 mg/kg SHR-A1403 or 3 mg/kg AZD9291, and tumor volume and body weights were measured on the indicated days. B and C, Nude mice bearing HA1 xenografts were i.v. injected with 3 mg/kg AZD9291 or 10 mg/kg SHR-A1403 once, then tumor tissues were lysed in RIPA buffer, and analyzed by western blotting. Results shown represent means ± SEM (vehicle group, n = 8; SHR-A1403 group, n = 6). ****P < .0001 vs vehicle of an EGFR inhibitor to overcome resistance is superior to and much more convenient than previous approaches based on a combination strategy.
Another benefit of using the c-Met ADC, SHR-A1403, as a strategy for overcoming AZD9291 resistance is that, in assessing whether SHR-A1403 should be used, screening resistant cells for c-Met overexpression is sufficient; there is no need to identify the precise resistance mechanism, making the strategy simpler and more direct. Moreover, SHR-A1403 may also efficiently overcome resistance to additional inhibitors of EGFR or other tyrosine kinases, such as HER2, KDR and PDGFR, among others, in cells expressing elevated c-Met, possibilities that warrant further investigation.
In summary, we provide a novel strategy for overcoming resistance to the EGFR inhibitor AZD9291 using the c-Met ADC, SHR-A1403. c-Met expression level is the critical biomarker predictive of the efficacy of this strategy, regardless of whether the c-Met signaling pathway is involved in the resistance mechanism. 
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